S pontaneous vertebral fractures are associated with pain, disability, and death in patients with osteoporosis. Percutaneous vertebroplasty, the injection of medical cement, or polymethylmethacrylate (PMMA), into the fractured vertebral body has gained widespread acceptance as an effective method of pain relief and has become routine therapy for osteoporotic vertebral fractures. Guidelines recommend vertebroplasty for fractures that have not responded to medical treatment. 1 Typically, the duration of such fractures ranges from several weeks to several months or longer for fractures that have not healed.
Numerous case series and several small, unblinded, nonrandomized, controlled studies have suggested the effectiveness of vertebroplasty in relieving pain from osteoporotic fractures. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The precise mechanism of action remains unknown. However, in the absence of blinded, randomized, controlled trials, the role of active treatment effects of PMMA versus nonspecific effects remains unknown.
In this randomized, controlled trial, called the Investigational Vertebroplasty Safety and Efficacy Trial (INVEST), we evaluated the efficacy of PMMA infusion in vertebroplasty for patients with painful osteoporotic compression fractures, as compared with a simulated procedure without PMMA. We hypothesized that patients who had undergone vertebroplasty would report less pain and back pain-related disability at 1 month (the primary outcomes) than those in the control group.
Me thods

Patients
We enrolled patients at five centers in the United States, five centers in the United Kingdom, and one center in Australia. The sites were selected on the basis of having an established vertebroplasty practice for osteoporotic fractures, an enthusiastic local principal investigator, and an available research coordinator. The study methods have been described previously. 13 Because initial recruitment was slow, after the first three patients were enrolled, we liberalized the inclusion criteria to an age of 50 years or older, a diagnosis of one to three painful osteoporotic vertebral compression fractures between vertebral levels T4 and L5, inadequate pain relief with standard medical therapy, and a current rating for pain intensity of at least 3 on a scale from 0 to 10. Fractures needed to be less than 1 year old, as indicated by the duration of pain. We previously had found that a fracture duration of up to 1 year was associated with a good response to vertebroplasty. 14 For fractures of uncertain age, an additional requirement was marrow edema on magnetic resonance imaging or increased vertebral-body uptake on bone scanning.
Exclusion criteria were evidence or suspicion of neoplasm in the target vertebral body, substantial retropulsion of bony fragments, concomitant hip fracture, active infection, uncorrectable bleeding diatheses, surgery within the previous 60 days, lack of access to a telephone, inability to communicate in English, and dementia.
The protocol was approved by the institutional review board at each study center. All patients provided written informed consent.
Measures
At baseline, patients completed the self-report version of the Charlson comorbidity index 15 and provided demographic and clinical information. Evaluation measures were performed before randomization and at various times up to 1 year. The focus of this report is the primary outcomes at 1 month. We also describe outcomes at 3, 14, and 90 days. The prespecified primary outcome measures were scores on the modified Roland-Morris Disability Questionnaire (RDQ) and patients' ratings of average back-pain intensity during the preceding 24 hours (on a scale of 0 to 10, with higher scores indicating more severe pain). The RDQ is widely used to assess physical disability associated with back pain and has been shown to be valid, reliable, and responsive to change in several studies, [16] [17] [18] [19] [20] [21] including a study of vertebroplasty. 22 The modified RDQ 23 is scored on a scale of 0 to 23, with higher scores indicating greater physical disability. We present the (post-specified) proportion of patients who had a decrease of 30% or more on the RDQ and measures of pain intensity, which was the minimal change on each scale that was considered to be clinically important. [24] [25] [26] Prespecified secondary outcomes included scores on the Pain Frequency Index and the Pain Bothersomeness Index, 23 the Study of Osteoporotic Fractures-Activities of Daily Living (SOF-ADL) scale, 27 and the European Quality of Life-5 Dimensions (EQ-5D) scale 28 (a generic health-status measure, reflecting mobility, self-care, activity limitations, pain, and psychological distress); the use of opioid medications; and scores on the Physical Component Summary (PCS) and Mental Component Summary (MCS) subscales of the self-administered Medical Outcomes Study 36-Item ShortForm General Health Survey (SF-36), version 2. 29 The PCS assesses limitations in self-care and physical, social, and role activities; bodily pain; and perceived health. The MCS provides an indication of psychological distress and social and role disability because of emotional problems. Patients were asked before discharge on the day of the procedure and at each follow-up assessment to guess which procedure they had undergone and to rate their confidence in their guess on a scale from 0 (no confidence) to 10 (complete confidence).
Study Treatment
All vertebroplasty practitioners in the trial were highly experienced, having performed a mean of approximately 250 procedures (range, 50 to 800). Patients were brought to the fluoroscopy suite, where conscious sedation was induced and sterile preparation for surgery was performed. Using fluoroscopic guidance, the practitioner infiltrated the skin and subcutaneous tissues overlying the pedicle of the target vertebra or vertebrae with 1% lidocaine and infiltrated the periosteum of the pedicles with 0.25% bupivacaine. Patients were then randomly assigned to undergo either the full vertebroplasty procedure or the control intervention. For the vertebroplasty procedure, 11-gauge or 13-gauge needles were passed into the central aspect of the target vertebra or vertebrae. Bariumopacified PMMA was prepared on the bench and infused under constant lateral fluoroscopy into the vertebral body. Infusion was stopped when the White race -no. (%) † 67 (99) 60 (95) Female sex -no. (%) 53 (78) 46 (73) Education -no. (%)
Less than high school 36 (53) 26 (41) High school 13 (19) 23 (37) Some college 10 (15) 7 (11) College graduate 9 (13) 7 (11) Married or living with partner -no. (%) 42 (62) 27 ( Comorbidity index ‡ 1.9±2.1 2.0±1.9
Receiving worker's compensation -no. (%) 9 (13) 7 (11) Pain duration
Mean -wk 16 20
Interquartile range -wk 10-36 8-38
Period -no. (%) 1-13 wk 30 (44) 24 (38) 14-26 wk 14 (21) 15 (24) 27-39 wk 8 (12) 9 (14) 40-52 wk 16 (24) 15 (24) No. of spinal levels treated -no. PMMA reached to the posterior aspect of the vertebral body or entered an extraosseous space, such as the intervertebral disk or an epidural or paravertebral vein. 30 During the control intervention, verbal and physical cues, such as pressure on the patient's back, were given, and the methacrylate monomer was opened to simulate the odor associated with mixing of PMMA, but the needle was not placed and PMMA was not infused. After the procedure, both groups of patients were monitored in the supine position for 1 to 2 hours before discharge.
Patients were told at the time of consent that they would be allowed to cross over to the other procedure 1 month or later after the intervention if adequate pain relief was not achieved. Specific numerical thresholds of outcome measures were not used for allowance of crossover. Patients were seen in the clinic for the 1-month follow-up visit by a vertebroplasty practitioner to discuss whether to cross over to receive the alternative therapy.
No commercial entity paid for any materials used in the study. Research funds paid for all costs related to the control interventions. Costs of the vertebroplasty procedure were billed to insurance.
Randomization and Blinding
We used stratified, blocked randomization according to study center to achieve roughly balanced groups. The block sizes ranged from 4 to 12 patients, and assignments were concealed from the research assistants involved in recruitment. These assignments were generated by the data coordinating center with the use of a random-number generator and were then placed in numbered, opaque, sealed envelopes, with a series of envelopes for each study center. The protocol specified that study-group assignments should be concealed from all patients and study personnel who performed follow-up assessments for the duration of the study. Only the study statisticians, who did not have any contact with the patients, saw unblinded data.
Statistical Analysis
The study initially had a power of more than 80% to detect differences in both primary and secondary outcomes in 250 patients, with a two-sided alpha of 0.05, on the basis of a 2.5-point difference on the RDQ and a 1.0-point difference on the pain rating. After early difficulty in recruitment and a planned interim analysis of the first 90 patients, we reduced the target sample size to 130 patients, with approval from the independent data and safety monitoring board. The decision to modify the target enrollment was driven primarily by accrual rates and revised power calculations. With the reduced sample size, the study had a power of more than 80% to detect important differences in the primary outcome measures -a 3.0-point difference between groups on the RDQ (with an assumed SD of 6.7) and a 1.5-point difference on the pain rating (with an assumed SD of 2.7) -at 1 month. 26 For our primary analyses, we used an intention-to-treat strategy, with patients analyzed in their assigned group. Treatment effects and confidence intervals were calculated from analysis of covariance (ANCOVA) models with adjustment for baseline values of the outcome measure, recruitment site, and an indicator of study group as the predictor of interest. In a post hoc analysis, we used logistic-regression models with adjustment for site and baseline values of the outcome measures to compare the proportion of patients in each group who had at least a 30% improvement in the RDQ score and pain rating, as recommended by the Initiative on Methods, Measurement, and Pain Assessment in Clinical Trials II to assess the clinical importance of improvement. 31 Furthermore, we performed two post hoc subgroup analyses to determine whether continuous and categorical measures of the duration of baselineintensity pain (as an index of fracture age) interacted with treatment in predicting the pain intensity at 1 month in the ANCOVA models; these measures compared the periods from 1 to 13 weeks, from 14 to 26 weeks, and from 27 to 52 weeks. Formal evaluation of effect modification was based on a partial F-test of whether the two interaction terms equaled zero. The results were similar for the two analyses, and we report the results for the categorical measures.
The data and safety monitoring board reviewed the blinded study results every 6 months to evaluate safety and efficacy and monitored any deaths, events involving paralysis, hospitalizations, newonset fractures, new radiculopathy or myelopathy, and infection. The board used O'Brien-Fleming 32 stopping rules of P<0.001 and P<0.019 for two prespecified interim analyses in order to evaluate the accumulating evidence of treatment efficacy; the interim study results did not reach either threshold. All statistical analyses were performed with the use of R statistical software, version 2.7. 33 A P value of less than 0.043 for between-group differences in the primary outcomes was considered to indicate statistical significance. All reported P values are two-sided and have not been adjusted for multiple testing.
R esults
Patients
From June 2004 through August 2008, a total of 131 patients were enrolled and underwent randomization (Fig. 1) . Of these patients, 68 were assigned to undergo vertebroplasty and 63 to undergo the control intervention; all underwent the assigned intervention. The baseline characteristics of the groups were similar (Table 1) . One patient (1%) in the vertebroplasty group and two patients (3%) in the control group were lost to follow-up before 1 month. One patient (1%) in the vertebroplasty group and two patients (3%) in the control group crossed over to the other group before 1 month.
The two study groups did not differ significantly with respect to either of the two prespecified primary outcomes at 1 month. The mean (±SD) RDQ score in the vertebroplasty group was 12.0±6.3, as compared with 13.0±6.4 in the control group (adjusted treatment effect, 0.7; 95% confidence interval [CI], −1.3 to 2.8; P = 0.49). The mean pain-intensity rating was 3.9±2.9 in the vertebroplasty group and 4.6±3.0 in the control group (adjusted treatment effect, 0.7; 95% CI, −0.3 to 1.7; P = 0.19) ( Table 2 ). The two study groups had substantial improvement in back-related disability and pain immediately (3 days) after the procedure, with similar improvement in the two groups. The improvement in each group at 3 days was maintained at 1 month.
The study groups did not differ significantly on any of the secondary outcomes, including measures of pain and quality of life, at 1 month (Fig.  2) . Furthermore, the two groups did not differ in the post-specified proportion of patients who had clinically meaningful improvement in physical disability related to back pain at 1 month (40% of patients in the vertebroplasty group and 41% of patients in the control group, P = 0.99). There was a trend toward a higher rate of clinically meaningful improvement in pain in the vertebroplasty group than in the control group (64% vs. 48%, P = 0.06).
At 3 months, 8 patients (12%) in the vertebroplasty group and 27 patients (43%) in the control group had crossed over to the other group and had undergone the alternative procedure (P<0.001). The patients in the vertebroplasty group who crossed over reported higher levels of disability and pain at 3 days and 14 days, as compared with patients who did not cross over (Fig. 3) control group who crossed over had some early improvement after the control procedure, but this improvement had disappeared by the 1-month assessment. However, even after they underwent the alternative intervention, patients who were originally assigned to either the vertebroplasty group or the control group did not have the same level of improvement at 3 months as did patients who did not cross over. At 14 days, 63% of patients in the control group correctly guessed that they had undergone the control intervention, and 51% of patients in the vertebroplasty group correctly guessed that they had undergone vertebroplasty. Patients in both the vertebroplasty group and the control group expressed a moderate degree of confidence, on a scale of 0 (not certain) to 10 (extremely certain), in their treatment guess (mean scores, 4.0 and 4.1, respectively; P = 0.78). In the control group, 18 of 33 patients (55%) who did not cross over to vertebroplasty correctly guessed at 14 days that they had undergone the control intervention, as compared with 20 of 27 patients (74%) who eventually crossed over (P = 0.12). Notably, among the eight patients in the vertebroplasty group who crossed over to the control group, six (75%) guessed incorrectly at 1 month that they had received the control intervention.
In a post hoc subgroup analysis, the effect of treatment (vertebroplasty vs. control procedure) on pain at 1 month did not differ significantly across the three baseline pain-duration categories (P = 0.58). The treatment effect for patients with less than 13 weeks of pain (difference in score, 0.8; 95% CI, −0.8 to 2.4; P = 0.31) was similar to the results for the overall analysis. The treatment effect for patients with 14 to 26 weeks of pain was 1.3 (95% CI, −0.8 to 3.4; P = 0.23), and the effect for patients with 27 to 52 weeks of pain was 0.0 (95% CI, −1.7 to 1.6; P = 0.96).
Adverse Events
One patient in the vertebroplasty group had an injury to the thecal sac during the procedure, with resultant hospitalization. One patient in the control group was hospitalized overnight after the procedure with tachycardia and rigors of unknown cause.
Discussion
Patients with osteoporotic vertebral fractures who were randomly assigned to undergo either a full vertebroplasty or a control intervention consisting of a simulated vertebroplasty without infusion of PMMA did not differ significantly at 1 month after the procedure on measures of back-pain intensity, functional disability, and quality of life. In this study, the confidence interval for the comparison of the RDQ score (−1.3 to 2.8) excluded a treatment benefit of 3 points or more and therefore provided evidence against clinically meaningful treatment effects with respect to functional disability. Similarly, the confidence interval for the comparison of pain ratings (−0.3 to 1.7) excluded a benefit of 2 points or more. Patients in the two study groups showed immediate improvement in pain and disability after the procedure, and this improvement was sustained at 1 month. These results suggest that factors aside from the instillation of PMMA may have accounted for the observed clinical improvement after vertebroplasty. Such factors may include the effect of local anesthesia, as well as nonspecific effects, such as expectations of pain relief (the so-called placebo effect), the natural history of the fracture, and regression toward the mean.
The possible role of the placebo effect on outcomes in this trial remains unclear. Previous studies have documented pain reduction in placebo groups, on the order of 6 to 7 mm on a 100-mm scale. [34] [35] [36] The treatment effect in our trial was substantially larger than those in previous studies, even though the previous studies included both pharmacologic and psychological interventions in addition to physical interventions. 34 There was a trend toward a higher proportion of patients in the vertebroplasty group with clinically meaningful improvement in pain at 1 month. Furthermore, there was a higher crossover rate in the control group than in the vertebroplasty group after 1 month. The reasons for the higher crossover rate are unknown. It is possible that more patients in the control group than in the vertebroplasty group had unsatisfactory pain outcomes but that we were unable to detect this difference with our measure of pain intensity. However, we used a common, validated measure that has been shown to indicate responsiveness to clinical improvement. It is possible that vertebroplasty was more effective than the control intervention for a subgroup of patients; further research is needed to explore this possibility. Finally, it is possible that despite efforts to conceal study-group assignments, some patients became aware of their assigned intervention, and those who still had pain and learned that they were in the control group may have elected to cross over to the vertebroplasty group. Our study had several limitations. First, we allowed crossover at 1 month because both physicians and patients were reluctant to accept a longer period. This factor complicated the interpretation of between-group differences in outcomes after 1 month. However, there is evidence that nearly all the benefits of vertebral augmentation occur within the first month. 37 In addition, since the half-life of bupivacaine is only 3 hours, any benefit from this drug would have disappeared at 1 month. Second, we did not compare the study groups with respect to other medical treatments that they received that might have affected their outcomes. Third, the persistence of pain after vertebroplasty or fracture healing may indicate causes of the pain other than fracture, a possibility that our baseline imaging excluded to a certain extent but not entirely. Fourth, even though there was no differential treatment effect according to the baseline duration of pain, a result that is consistent with our previous finding that the fracture age is not associated with the response to vertebroplasty, 14 it remains possible that vertebroplasty is effective only for fractures of a certain age or healing stage. Finally, we limited our study to vertebroplasty and did not evaluate the efficacy of kyphoplasty, which is similar to vertebroplasty except that intraosseous balloons are inflated before cement infusion. 38 In conclusion, at 1 month, clinical improvement in patients with painful osteoporotic vertebral fractures was similar among those treated with vertebroplasty and those treated with a simulated procedure. These data suggest that further studies should be undertaken to determine whether the long-term outcome is similar in the two groups, especially because our crossover study design limited our ability to shed light on the long-term efficacy of vertebroplasty. 
